Abstract: In this paper, we propose and fabricated a novel scheme of SOI-based 1 × 3 coupler with variable splitting ratio. The coupler consists of two cascaded MMI with different sizes, and a wide range of splitting ratios from 1:0.1:1 to 1:18:1 can be achieved by modifying the size of the first-step MMI. Using the structure of cascaded step-size MMI, this kind of device has a compact footprint of below 15 μm × 15 μm and simple fabrication process. Meanwhile, the simulation analyses prove that the proposed couplers have a large operation bandwidth above 60 nm and be robust to the fabrication errors. Couplers with several splitting ratios were fabricated and well measured. Based on the measurement results, the splitting ratios of fabricated couplers from 1:0.67:1 to 1:18:1 can be achieved, and stable performance with the transmission efficiencies above 80% can be maintained over 50 nm wavelength range, which is the largest operation bandwidth to the best of our knowledge.
Introduction
In recent years, photonic integrated circuits (PICs) based on Silicon-on-insulator (SOI) platform has attracted great attention due to the high level of integration density and its compatible fabrication process with integrated electronics [1] . Among the integrated components, power couplers are one of the essential items in PICs. So far, a lot of works on 1 × 2 couplers have been done and the arbitrary ratios can be achieved by a number of methods [2] - [5] . However, the research of a multi-output splitter with variable splitting ratios is still at early stage, due to the increased design complexity. A 1 × 3 coupler with variable splitting ratios would be highly advantageous for several applications, such as signal quality monitor [6] , quantization resolution enhancement [7] , etc. To achieve this function, various structures have been proposed, including directional couplers (DCs), photonic crystals (PhCs) [8] , [9] , multi-layer structures [10] , QR code-like structures [11] and multimode interference (MMI) couplers. Among them, MMI couplers, which utilize the principle of self-imaging effect [12] , has been considered as a preferred candidate because of its compact footprint, wavelength insensitivity, low insertion loss and high fabrication tolerance. However, a traditional MMI usually divides the optical power equally according to the self-imaging theory, or few splitting ratios can be obtained by adjusting the positions of input and outputs ports [13] . To obtain a wide range of splitting ratios, a butterfly-shaped 1 × 3 MMI was designed and fabricated in Refs. [14] . However, the footprint is large as hundreds of microns, which may lead to the reduction of stability. MMI couplers with electro-optic tuning element is an alternative that allows the realization of tunable splitting ratios [15] . However, the footprint of this kind of device has to be large enough to avoid the thermal crosstalk, and the cost may be increased as the electro-optic tuning element requires more fabrication steps.
In this paper, we propose a novel 1 × 3 MMI coupler with variable splitting ratios. By cascading two MMI couplers of different sizes, and modifying the structure of first-step MMI, a wide range of splitting ratios can be achieved. Compared to other 1 × 3 couplers, this kind of devices have an extra compact footprint of below 15 μm × 15 μm, a large operation bandwidth above 60 nm and simple fabrication process (one-step etch). Meanwhile, the proposed couplers are robust to the fabrication errors. Then, several couplers with specific splitting ratios (from 1:0.67:1 to 1:18:1) were chosen to be fabricated on a SOI platform, the measurement results verify the high transmission efficiency of above 80% (equivalent to insertion losses below −1 dB) in a large operation bandwidth over 50 nm. Lowest insertion loss is around 0.2 dB at a wavelength of 1550 nm.
Principle

Analysis for Varying Splitting Ratios in MMI
For a MMI of width W and length L, according to the eigenmode decomposition theory [12] , any input light distribution f i n (x) can be decomposed into the eigenmodes in the MMI. Therefore, the output light distribution f out (x) is actually the superposition of each eigenmode at length L, as shown in Fig. 1 . The strongly guided eigenmodes of MMI section have the form:
where i represents the order number of eigenmodes. Using a spatial Fourier decomposition, f i n (x) can be rewritten as a superposition of the infinite number of strongly guided eigenmodes with coefficient a i
Thus, the output is expressed as
where β i is the propagation constant for the i th order eigenmode. For a fixed operation wavelength, W, L and β i are constants when the dimensions and material of the MMI have been defined. In this case, the only factor that affects the output is the distribution of input light.
Assuming that the fundamental mode lights f mode (x) are injected into the MMI section through two single mode waveguides at the positions (W ± D)/2 to form the input light, where D is the distance between the input waveguides. Thus the input light distribution can be written as
To obtain a MMI coupler with three output ports on SOI platform, L is selected as
where L is actually the distance between 2 self-images and 3 self-images in MMI [13] . W is given a value of 2.6 μm, in which 7 orders of eigenmodes are supported in the MMI for the convenience of calculation [16] . For an operation wavelength λ = 1550 nm, three fundamental mode lights are obtained at the output ports, referred as P 1 (x), P 2 (x) and P 3 (x), respectively. Therefore, the output distribution and the output power of each port (P 1 , P 2 , and P 3 ) are written as
where W 1 and W 2 are the trough positions of f out (x) at x axis. Since the dimensions and material of the MMI are decided, variation of D is utilized to change the distribution of f i n (x). Correspondingly, the output distribution is changing, as shown in Fig. 2 (a) that f out (x) changes with different D. As D increase, the value of P 2 decreases gradually, meanwhile P 1 and P 3 go increasing, which means a variable splitting ratio of three output ports can be realized by setting appropriate D. The variations of P 1 , P 2 and P 3 as a function of D from 0.55 μm to 1.65 μm are shown in Fig. 2(b) . For convenience, we define the splitting index S as
Therefore, S is the percentage of the output power P 2 . For the splitting ratios of 1:2:1 and 1:1:1, S equals to 50% and 33.3%, respectively. The splitting index S as a function of D is shown in Fig. 2(c) , from where we can see that a wide range of 18% to 88% can be achieved as D varies from 0.55 μm to 1.65 μm. However, this is also the calculated splitting limitation for the device as the splitting index can hardly increase or decrease when D is less than 0.55 μm or larger than 1.65 μm, respectively.
Device Design
The 3 D schematic of our proposed device is shown in Fig. 3(a) , the structure of which is named as cascade step-size MMI (CSS-MMI). It consists of two parts, one of which is referred as the first-step MMI (MMI 1st ), with a length and a width of L 1 and W 1 , respectively. The functionality of MMI 1st is similar to a 1 × 2 MMI, which is used to generate two single mode lights (E 1 and E 2 ) with same phases for next part as two inputs. D is the distance between E 1 and E 2 , and can be adjusted by modifying the dimensions of MMI 1st . While the other part, referred as the secondstep MMI (MMI 2nd , with a length and a width of L 2 and W 2 ), is utilized to motivate a multi-modes interference and convert the two input lights into tri-outputs. Based on the principle described in above section, when D, the distance between the two inputs of MMI 2nd /output of MMI 1st , changes, a variable splitting ratio between the three outputs is obtained. The widths of input and output waveguides are both 450 nm, the tapered structure is utilized to connect the output facet of MMI 2nd with output ports for reducing the transmission loss. In particular, the width of middle taper is wider than others, because the middle light spot is larger than others when the splitting index is high. The whole structure is based on SOI platform with 220 nm thick-silicon layer and 2 μm thick buried oxide layer, the cross section view of the waveguides is shown in Fig. 3(b) . The description and the value of main parameters of the CCS-MMI are listed in Table 1 .
Simulation Results
Three-dimensional Finite-Difference Time-Domain method (3 D FDTD, Lumerical Inc.) based on SOI platform was used to simulate the performance of the proposed devices. The top view of the optical transmission fields for different splitting ratios are shown in Fig. 4(a) and (b) , the cross section views of E 1 , E 2 and three outputs are shown below. In both cases, the lights are injected with TE polarization and the operation wavelength is λ = 1550 nm. By appropriately designing and optimizing the structures of MMI 1st , we have D equals to 0.9 μm and 1.2 μm respectively, and achieve splitting ratios of 1:2:1 and 1:1:1 correspondingly. Part of the sizes of MMI 1st and the calculated D are listed in Table 2 , from where we can see that D increases as MMI 1st becomes larger.
By evaluating the performance of the 1 × 3 couplers with different MMI 1st , the variation of S and insertion loss (IL) as a function of D were obtained and are shown in Fig. 4(c) . As D increases, S decreases and a wide range of splitting index from 5% to 90% are achieved. However, the IL becomes worse when D is larger than 1.1 μm or smaller than 0.9 μm, the reasons are as follow: when D increases, the sizes of light spots at Port 1 and Port 3 become larger than the taper structures as the major power is gathered on the side positions and power consumption occurs because of the reflection; when D decreases, the middle light pot becomes larger and part of the power is also reflected by the gap between the output ports. This problem can be alleviated by optimizing the size of taper structures. Analyses of the 1 × 3 couplers with splitting index S = 33% and S = 50% are carried out to verify the robustness to the fabrication imperfections and wavelength variation. From Fig. 5(a) and (b), we can see that the variation of S is kept below 5% and the IL is less than −1 dB for both couplers by W and L (the variation of width and length of whole structure) of 30 nm and ±300 nm, respectively, indicating that this kind of devices are highly tolerant to the fabrication imperfections. Fig. 5(c) shows the analysis of wavelength insensitivity in a range of 60 nm, where the variation of S is still kept below 5% and the IL is less than −1 dB for both couplers.
Fabrication and Measurement
The proposed devices were fabricated on a SOI platform with the wafer of 220-nm top silicon layer and 2-μm buried oxide layer. 193-nm deep ultraviolet (UV) photolithography was used to define the pattern of the devices, the inductively coupled plasma (ICP) was used to etch the top Si layer with a 70 nm-thick oxide as hard mask. Spot size converters (SSCs) with tip a width of 200 nm and a length of 200 μm were integrated between the waveguides and lensed fibers to enhance the coupling efficiency, with which the coupling loss was measured to be 2 dB/facet. Finally, a silica layer of 2 μm thickness was deposited as the separate layer by plasma enhanced chemical vapor deposition (PECVD). Fig. 6(a) shows the optical micrograph of the fabricated devices, while Fig. 6(b) shows the detailed scope of the 1 × 3 CSS-MMI coupler.
Several couplers with different splitting indexes from 25% to 90% were fabricated this time, and the measured S as a function of the width of MMI 1st is shown in Fig. 6(c) , where S decreases when the width of MMI 1st increases, matches very well with the simulation results. As for the insertion losses, most of the measured ILs are below −1 dB, which also agrees with the simulation results.
Among all the fabricated devices, three couplers with splitting indexes of 33%, 50% and 90% were selected to verify the wavelength insensitivity. For these splitting indexes, the corresponding extinction ratios (ERs) between Port 2 and Port 1 (or Port3) are supposed to be 0 dB, 3 dB and 12.5 dB, respectively. For the broadband experiment, amplified spontaneous emission (ASE) noises from an erbium-doped fiber amplifier (EDFA) was used to be the broadband light source, and an optical spectrum analyzer (OSA) with sensitivity limitation of −70 dBm was used to measure the transmission spectrum. The measured transmission power from a reference straight waveguide was as low as ∼−40 dB, which leads to a noisy spectrum, but the source was still qualified since the OSA is quite sensitive. By injecting the noise into the devices, the transmission spectra for all the output ports are shown in Fig. 7(a)-(c) , corresponding simulation results are given for comparison. We can see that the measured ERs agree well with the simulation results, and are very steady from 1520 nm to 1570 nm. Besides, as shown in Fig. 7(d) , the measured ILs of all the devices are below −1 dB within the wavelength range, which means that the operation bandwidth of our proposed devices is as large as above 50 nm. However, a wavelength range wider than 50 nm cannot be measured due to the limited bandwidth of the EDFA.
